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ABSTRACT

A simplified scheme to generate vortex asymmetries due to the beta effect from an initially symmetric vortex
on a beta plane is described. This approach, based on the time integration of the nondivergent barotropic
vorticity equation, was developed to generate asymmetric vortex structure for inclusion in the initial conditions
for the GFDL Hurricane Mode!. The simplification is derived from truncation of an azimuthal wavenumber
expansion of the vorticity field variables. In order to determine the optimum lowest-order system, the influence
of other.wavenumbers (specifically 0, 2, and 3) on the asymmetric dipolar (waverumber 1) structure and the
associated vortex drift was investigated by comparing the results of a hierarchy of models differing in truncation
level. The mode! truncated at wavenumber 2 and, including time-dependent symmetric flow, was chosen as
the optimum system. Vortex drift tracks computed with this model compare very well with existing numerical
model simulations. The models with a time-dependent symmetric flow produced systematically more westward-
(less northward-) directed drift with stower speeds for cyclonic vortices than the models with time-independent
symmetric flow. The results presented here clearly show the importance of including time-dependent symmetric
flow in a simplified barotropic system. Discussion is developed regarding the interactions between the dipolar
vortex arid the wavenumber 0 and 2 flows. It appears acceptable to truncate the wavenumber expansion at
wavenumber 2. The differences between the modets with different levels of simplification increase when a larger
initial vortex is used.

The generation of the asymmetric flow for incorporation into the hurricane model initial conditions involves
several aspects of uncertainty not present in idealized cases. A particular problem is the development of overly
strong far-field vorticity (i.e., lying much beyond the hurricane region) possibly resulting from inaccuracies in
the symmetric wind profile. During the generation of asymmetries, this is suppressed by damping at large radii.
Further investigation is needed into the sensitivity of the resulting hurricane drift to the symmetric wind profile
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and to the integration cutoff time.

1. Introduction

A simplified yet accurate scheme to generate the
asymmetric vorticity structure that develops from in-
tegration of the barotropic vorticity equation on a beta
plane is presented. This scheme represents one segment
of a new initialization package designed to improve
the representation of the tropical cyclone in the initial
conditions for the Geophysical Fluid Dynamics Lab-
oratory (GFDL) Hurricane Model. The inclusion of
asymmetric structure in the initial vortex was moti-
vated by the results of previous studies showing the
important role that asymmetric structure can play in
vortex propagation (for a review, see Smith et al. 1990).
Earlier studies (e.g., Kasahara and Platzman 1963) had
indicated that an initially stationary, symmetric vortex
would develop a northwestward drift initiated by in-
teraction with the carth’s vorticity (the beta effect).
Recent numerical simulations such as those by Chan
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and Williams (1987) or Smith et al. (1990) have fo-
cused on the detailed evolution of the asymmetric vor-
ticity component and the resultant vortex propagation.
One feature of these numerical simulations using the
barotropic vorticity equation on a beta plane is the
development of a quasi-steady vortex drift as the linear
beta forcing reaches a semibalanced state with the non-
linear advection of the evolving vorticity field. Typi-
cally, the quasi-steady drift develops within one or two
days and has a magnitude of 2-S m s™}!. The exact
magnitude and direction of the vortex propagation,
however, is quite sensitive to the outer structure of the
initial symmetric vortex, as was shown by Fiorino and
Elsberry (1989, hereafter FE). Specifically, a larger
vortex (i.e., one with stronger winds at outer radii ) will
develop a faster drift speed and a more westward di-
rection. There are also some indications of a beta-in-
duced drift in observational composite studies (i.e.,
George and Gray 1976). When estimates of the large-
scale deep-layer mean environmental flow exclude the
flow near the hurricane center—through filtering or
exclusion of a region centered on the storm-——the dif-
ference between this environmental “steering flow” and
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the observed track can be defined as the vortex prop-
agation. Carr and Elsberry (1990) have reexamined a
number of the composite studies in an attempt to de-
termine how consistently the direction and speed of
the vortex propagation agreed with the findings of nu-
merical simulations such as those previously men-
tioned. They conclude that there is some evidence of
consistency although data ambiguities prevent a defin-
itive conclusion.

If the drift of a barotropic vortex on the beta plane
is determined by the velocity at the vortex center, it is
then solely defined by the dipolar (azimuthal wave-
number 1) vorticity component. Along this line, Smith
and Ulrich (1990, hereafter SU) proposed a simple
time-dependent analytical solution to the barotropic
vortex drift problem. Although their scheme, based on
a simplification of the vorticity equation, was fairly
successful in simulating the vortex track for the first
12-24 h, the level of performance beyond that time
was strongly dependent on the initial symmetric wind
profile. In developing their solution method, SU limited
their consideration to the azimuthal wavenumber 1
component and assumed a time-invariant symmetric
profile. Peng and Williams ( 1990) have also simplified
the barotropic vorticity equation by neglecting the
possible small changes in the symmetric flow. However,
the evolution of the wavenumber 1 vorticity depends
on all wavenumber components. Recently, a further
study by Smith (1991) using a higher-order correction
to the zeroth-order solution showed improved results
due to wavenumber 2 and 3 effects. In the present
study, the influence of wavenumbers 0, 2, and 3 on
the evolution of the wavenumber 1 vorticity and the
associated vortex drift is investigated in a nonlinear
prognostic framework. The goal of this investigation
is to determine the lowest-order system that represents
the vortex drift sufficiently accurately in comparison
with full numerical models. While the scheme de-
scribed here for determining the asymmetric flow is
more computationally intensive than the SU scheme,
it yields consistently accurate simulations of the vortex
drift as compared with existing more complete nu-
merical model simulations for periods extending to
72 h,

Currently, the density of observations and the hor-
izontal resolution of operational (large-scale) analyses
are inadequate to resolve a tropical cyclone structure
including the asymmetry (e.g., Reeder et al. 1991).
The introduction of a more realistic vortex structure
or “bogus vortex™ at the position of the storm offers a
means of improving the initial condition of hurricane
models. A number of authors have suggested the in-
clusion of asymmetric structure inthe specification of
a bogus vortex due to its importance in determining
the vortex propagation (i.e., Peng and Williams 1990;
SU). The long time scale—1 to 2 days—needed for
development of the quasi-steady drift from an initially
symmetric wind profile is a practical reason for inclu-
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sion of a pregenerated asymmetry in the initial con-
ditions of a hurricane model. The resulting vortex
propagation of a few meters per second can be a sig-
nificant fraction of the total vortex movement, es-
pecially in a weak environmental flow. Even small dis-
placements due to vortex propagation can lead to large
differences in the vortex track at later times. The sim-
plified method of generating asymmetric vorticity pre-
sented here has been successfully used in the bogus
vortex initialization of the GFDL hurricane model.

In section 2, the barotropic vorticity equation is
transformed into a form suitable for simplification. In
section 3, the performance and behavior of simplified
systems are analyzed to determine the optimum sys-
tem. The subject of section 4 is the application of the
derived optimum system to the specification of a bogus
vortex. Problems requiring further attention are also
discussed. Results from the present work are summa-
rized in section 5.

2. Model formulation: Azimuthal wavenumber
expansion of the vorticity equation

Beginning with the time-dependent nondivergent
barotropic vorticity equation on a beta plane, the ve-
locity and vorticity fields are decomposed into azi-
muthally symmetric and asymmetric parts

V= Vo+ V’,
F=%H+¢, (2.1)

where V' is the velocity in the inertial frame. The vor-
ticity equation in a reference frame that moves with
the vortex drift velocity, C, becomes

a ’
éa(s“o+§ +/)
=—Vo+ V' =C)V(SH+ ' +f), (22)
where
i) a
E—a—ti“f'C'V, (2.3)

and the subscripts m and i indicate the moving and
inertial frames. Separating (2.2) into symmetric and
asymmetric parts gives

Ko (- )V~ Ve,

d
2= Ve V= (V= 0V

= [V =)V = (V-Vf), (24)

where the nonlinear term — (V' — C)- V{’ produces a
symmetric contribution, (—(V’ — C)-V{'),, as well
as an asymmetric contribution, (—(V' — C)-V{’)'.
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The term — (V' - Vf)) also makes both a symmetric and
an asymmetric contribution.

The simplification of (2.4) is derived from an azi-
muthal wavenumber expansion and truncation in a
polar coordinate system. In this section, the wavenum-
ber expansion of fields is achieved. Specifically, the
vorticity is expanded into azimuthal wavenumber
components (i.e., {=H+ O+ H+ G+ - - - where
suffixes indicate azimuthal wavenumber). The wind,
V, is similarly expanded (V = Vo + V|, + Vo, + V3
+ - +). In general, the amplitude and phase angle of
each wavenumber component are functions of radius.
To express this dependency, the vorticity field is dis-
cretized into “vortex rings” of width Ar. In each ring,
a wavenumber component is represented by a constant
amplitude and constant phase over that Ar. Thus, the
wavenumber 7 vorticity in the ith vortex ring may be
written as

rn,i

where 4,,; and ¢, ; denote the amplitude and phase in
the vortex ring. The tendency equation for each ¢, ;,
n=0,1,2 ---andi=1,2, -+, can then be
obtained. B :

The velocity components are related to the vorticity
by the general relationships between the streamfunction
¥, vorticity, and velocity (radial component », and
tangential component v,)

= A, cosn(8 — ¢,,), (2.5)

_lo
r o8

v, =
vy =, (2.6)

Vt=—'

or’

As shown by Adem (1956) and utilized by SU, the

solution of the Poisson equation for a vorticity distri-

bution
_ cos(nf)
§(r, 0) = F"(r)[sin(nﬂ)]
is
Wr, 0) = [fzr;fo p " Fo(p)dp

—n

- frp"*'Fn(p)dp + Bn(r)] X [
(4]

cos(nf)
2n ] ’

sin(n6)
(2.7)

where the condition that », and v, vanish as r = oo is
satisfied if

f p" ' F,(p)dp is finite and
0

n

Bn(r)=(—2r—n)f0 o " F.(p)dp. (2.8)
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Using (2.8) and (2.7) in (2.6), the following formulas
determining the radial and tangential velocity com-
ponents of wavenumber # for a given distribution of
F,(r) are obtained:

_1 sin(nd)
vni(r; 0) =~ [Pa(r) + ga(r)] [—cos(n())]’
cos(n@)
vn(r, 0) = [pa(r) — qn(r)][ . ] (2.9)
sin(né)
where
n—1 S}
pa(r) = — = p~ "™ Fu(p)dp,
-n—1 r
@a(r)=——5— ], p" ' Fu(p)dp.  (2.10)

If the vorticity field is rotated by ¢, as in (2.5), the
angle factors of the velocity components in (2.9) be-
come n(6 — ) instead of nfé. By analytically prede-
termining the incremental contributions of each vortex
ring (over which F, is constant) to p, and g, for its
own and other vortex rings, the evaluation of the ve-
locity components of wavenumber # in a ring becomes
simply a weighted summation of the wavenumber n
vorticity over all vortex rings. In particular, the vortex
drift, C, when assumed to be equal to the velocity at
the center, depends only on {,. From (2.5), the east-
ward and northward components of the vortex drift
are

Ar )
Cg=— > 2 Ay sin(—¢y,),

Ar
Cy= "7 ZAl,icos‘Pl.i~ (2.11)

To derive the tendency equation for {,; 7 =0, 1, 2,
- -+, the vector products on the right-hand side of
(2.4) have to be grouped by resultant wavenumber.
The interaction between the two fields of wavenumber
n.and m in the advection terms, that is, (=¥, V¢,,)
or (—V,,+ V¢,), will produce forcing for the §,.,, and
{»—m components. In particular, the term (—=V,- V¢{,)o
projects onto the {, tendency equation. The term
C-V{, and the beta term, —V, - Vf, contribute to the
{»+1 and {,_; tendencies, because the constant fields C
and Vf are wavenumber 1 fields in the azimuthal
wavenumber domain. The vorticity equation projected
onto wavenumber components will be simplified in
the next section by the wavenumber truncation.

3. Simplified models

The goal of this work is to determine the highest
degree of azimuthal wavenumber truncation that can
adequately describe the vortex drift of existing full nu-
merical model simulations. The vortex drift itself de-
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pends on the evolution of dipolar vorticity (wavenum-
ber 1 component).

a. Performance of truncated models

The model design has allowed easy testing of the
importance of other wavenumbers in accurately gen-
erating the wavenumber 1 vorticity field. The hierarchy
of models listed in Table 1 were devised by varying the
level of truncation and by including or excluding the
time dependency of the symmetric (wavenumber 0)
flow. Of course, the form of the vorticity tendency
equation for each wavenumber component is affected
by the level of truncation. For example, each additional
wavenumber will result in additional advection terms
in the wavenumber 1 tendency equation. Also, given
that the wind of the nth wavenumber component af-
fects the wavenumber n — 1 and n + 1 tendency equa-
tions through the beta term, changes in truncation can
modify the beta forcing of the wavenumber tendency
equations. The simplest of these models is model K1,
which is truncated at wavenumber 1 and uses a fixed
symmetric field throughout the integration. The ana-
lytic solution (including correction) proposed by SU
is similar to model K1. Model K01 is also truncated at
wavenumber 1 but includes a time-dependent sym-
metric flow. Similarly, models K12 and K012 are both
truncated at wavenumber 2 and differ in the treatment
of the symmetric flow; model K12 uses a fixed sym-
metric flow while model K012 includes a time-depen-
dent symmetric flow. Finally, model K0123 is truncated
at wavenumber 3 and also includes a time-dependent
symmetric flow.

The initial condition for the time integration of the
simplified model specifies the tangential wind profile
of an initially symmetric vortex. In this study, the time
integration proceeds using a time step of 60 s and a
centered time differencing after an initial forward step.
In the results of section 3 the chosen domain size and
radial resolution were determined to be appropriate by
verifying the stability of the results with a larger domain
and finer resolution. For example, a domain of radius
3600 km was sufficient for most of the vortex profiles,
but for the largest vortex profile used, it was necessary
to use a domain radius of nearly 7000 km to adequately
capture the development of the far-field vorticity. For
most profiles Ar = 30 km was sufficient but for the

TABLE 1. Summary of the model variations.
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Symmetric Truncation level
Model flow (wavenumber)
K1 fixed 1
K01 time dependent 1
K12 fixed 2
K012 time dependent 2
K0123 time dependent 3
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smallest vortex profile it was necessary to use Ar
=20 km.

The five models are first compared with each other
using the “standard” symmetric profile of SU. That
profile (see their Fig. 1a) has a maximum velocity of
40 m s~! at a radius of 100 km and decreases to 15
m s~! at a radius of 300 km. The differences between
the model results can be seen in Fig. 1, which shows
the evolution of the vortex drift speed and direction.
The quasi-steady drift that develops in the full numer-
ical model simulations after 36-48 h is not reproduced
by the simplest model (K1). In fact, the K1 drift speed
in Fig. 1a is continually increasing with time. The most
complete models (K012 and K0123) do stabilize at a
relatively steady drift speed of ~2.8 m s~/ after about
48 h. The inclusion of the time-dependent symmetric
flow is very important for the development of a quasi-
steady drift speed (compare K1 with KO1). It also shifts
the drift direction more westward (Fig. 1b). Interest-
ingly, the addition of wavenumber 2 appears to influ-
ence the drift evolution in a manner similar to the
symmetric flow feedback. For example, the model K12
drift speed initially follows that of model K1 (while
the amplitude of wavenumber 2 is still small) but grad-
ually stabilizes at a value of ~3.7m s, or0.9 ms™'
faster than in models K012 and K0123. Similarly, the
drift speed of model K012 initially follows that of K01,
but as the influence of wavenumber 2 increases the
speed of model K012 stabilizes, while that of model
K01 continues to slowly increase. The drift directions
in K12 and K012 are, respectively, more westward than
in K1 and KO1. For the five model types the drift speed
seems fairly steady while the drift direction is more
variable (Fig. 1b). This is also apparent in the numer-
ical results in DeMaria (1985, Fig. 2). In general, in-
cluding the wavenumber 2 component and a time-de-
pendent symmetric flow each appears to decrease the
vortex drift speed. The feedback to the symmetric flow
is more important early in the integration when the
wavenumber 2 amplitude is still small. Finally, the close
agreement between the results of models K012 and
K0123 for both the drift speed and direction suggests
that it is permissible to truncate at wavenumber 2.

These conclusions regarding drift speed and direction
for the standard vortex of SU also hold for other vortex
profiles (Table 2), including the small vortex of SU,
the DeMaria profile, and the FE basic and weak-large
profiles. The size and shape of these profiles are indi-
cated in Table 2 by the maximum wind, V., the ra-
dius of maximum wind, R., and a size indicator (the
radius where the velocity drops to 5 m s™!). Also in
Table 2 are the 48-h differences in track position be-
tween models K1 and K012 representing the spread
among the five models. As the size of the initial vortex
increases, the differences between the models also in-
crease, which suggests the importance of including both
the time dependency of the symmetric flow and the
wavenumber 2 component as the vortex size becomes
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FiG. 1. Evolution of (a) vortex drift speed (m s~') and (b) vortex
drift direction (deg, clockwise from north) for the five model vari-
ations, plotted at 6-h intervals from 96-h integrations, using the SU
standard vortex as input.

larger. The 72-h vortex drift tracks for models Kt and
K012, using the SU “‘standard” and *‘small” profiles,
are shown in Fig. 2 and indicate that the track differ-
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ences in Table 2 are due to systematically larger drift

'speeds and more northward drift directions when the

symmetric component is held fixed and when trun-
cation occurs at wavenumber 1. This is true for all the
profiles considered.

b. Interaction of wavenumber 1 asymmetry
with other components

As indicated from (2.4), the structure of the dipolar
vorticity (wavenumber 1 component) and, hence, the
vortex drift is influenced by the feedback process be-
tween the dipole and the symmetric component, as
well as by the nonlinear interaction among different
wavenumber components. In particular, the wave-
number 0 field influences the wavenumber 1 tendency
through the interaction of wavenumbers 0 and 1 in the
advection terms —V,-V{ and —V,-V{, and also
through the beta forcing term —Vy- V. Accordingly,
when a model includes a time-dependent symmetric
field, the wavenumber 1 tendency will be affected by
the modification of the symmetric flow. Changes in the
symmetric flow lead to a general decrease in the tan-
gential wind and the development of weak anticyclonic
flow at outer radii (see FE, Fig. 6). The magnitude of
these changes varies with radius and also depends on
the initial symmetric profile. The largest change in the
SU standard profile at 48 h was 0.75 m s™! at a radius
of 900 km, while that of the FE weak-large profile was
3.05 m s~! at a radius of 1100 km. The radial profile
of the change in the symmetric flow for the SU standard
vortex at 24 h is quite similar to recent results by Smith
(1991, Fig. 4). The wavenumber 2 component also
modifies the wavenumber 1 tendency through nonlin-
ear advection and beta forcing. Note that the wave-
number 0 and 2 forcing to the wavenumber 1 field
then directly affects the wavenumber 0 and 2 tendencies
via advection —V - V{| and wavenumber 1 beta forcing
—V; -V f. By considering the differences in these feed-
back processes among the models it is possible to qual-
itatively explain the differences in vortex drift that were
presented in section 3a.

The ¢, field that is induced by the initial symmetric
flow, Vy, through the beta forcing term, —V, - V f, may
be expressed at an early time Af as

§1 = At(—BV,) cos(d — o). (3.1)

TABLE 2. Summary of the input vortex profiles and comparisons of 48-h position differences. SU: Smith and Ulrich (1990),
FE: Fiorino and Elsberry (1989), DeMaria: De Maria (1985).

Size radius (km)

Difference (km)
in 48-h positions

Difference (km) between
48-h positions of K012

Vortex profile Venax (M 71 Riax (km) where V' =5ms™! of K1 and K012 and numerical simulation
SU small 40 100 300 ’ 25 10
SU standard 40 100 480 56 24
DeMaria 30 80 670 72 24
FE basic 35 100 475 48 4
FE weak-large 20 100 950 460 91
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FI1G. 2. Vortex tracks of models K1 and K012 for 72 h of integration
plotted using (a) the standard vortex and (b) the small vortex of SU.
Vortex positions are indicated at 6-h intervals. Also shown are the
corresponding 24-h and 48-h positions of the Smith et al. (1990)
numerical model results as well as the 48-h positions of the SU analytic
solution.

For the purpose of this qualitative argument, radial
variation of ¢ is ignored and it is assumed that 0 < ¢
< /2. From (2.9) and (2.10) the corresponding radial
and tangential components of ¥, are obtained as

vi, = APy + ¢y) sin(0 — o),

v, = At(p) — q1) cos(6 — ), (3.2)

where
B [® B [
Pl(")=§J: Vodp, 01(")=5p.[) p*Vodp.

If V, vanishes for r = R, then {,, as expressed by (3.1),
is confined within R. The asymmetric flow, V1, is also
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radially confined (i.e., ¥V;(r) = 0 for r = R) if the total
relative angular momentum of the vortex is zero; that
is, if ¢;(R) = 0 (an isolated vortex). In the case of a
cyclonic vortex (in the Northern Hemisphere, Vo(r)
> 0 for r < R) where g;(R) > 0, the asymmetric flow,
V1, is produced at r = R and beyond. In either case,
the vortex drift becomes

CE = —-Atpl(O) Sin¢,

Cy = Atp;(0) cose. (3.3)

The drift is west of due north provided that p,(0)
> 0. This is an estimate of the drift velocity in model
K1. The interaction effects between the dipolar vorticity
and other vorticity components can now be estimated
by considering the beta forcing due to the induced flow,
—V,+ V. Because the meridional component of V) is

vy, sind + vy, cosf = At[p, cose — g, cos(28 — ¢)],
(3.4)

the preceding forcing produces new vorticity A{, and
23

ASo = A(—V,+Vf) = — At’Bp, cose, (3.5)
$ = A~V Vf) = A*Bg) cos(20 — ¢)]. (3.6)

The flow corresponding to A is

l r
AVo = —ArB cosp + fo on(p)do.  (3.7)

Accordingly, for an initial cyclonic vortex, an anticy-
clonic flow (AV, < 0) develops that reduces the initial
flow, V5. The {; tendency of model KO1 (or model
K012) can then be expressed as the modification of
the model K1 tendency by the feedback due to AV,

Y _ ()
( % )KOI = ( o )m AVoB cosd. (3.8)

When V, > |AVy|, the last term in (3.8) effectively
decreases the beta forcing of model K1. Thus, ({)xo:
is weaker than ({)x; except in regions where Vj
< |AV|. In Fig. 3 the wavenumber 1 vorticity field of
model KO1 is compared with that of model K1 after
48 h of integration with the SU standard vortex. The
two fields are qualitatively very similar but the K01
wavenumber 1 vorticity has a generally smaller am-
plitude than K1 over the region of the primary vorticity
gyres. As discussed, this difference is directly related to
the induced anticyclonic flow associated with model
KO1. Where the K01 symmetric flow becomes anti-
cyclonic (Vg < |AVyl), the time tendency of (¢ )xo
expressed by (3.8) is 180 degrees out of phase with that
of K1. The presence of the secondary extrema in Fig.
3 (at a radius of ~600 km) with a phase angle of ap-
proximately 5 degrees in the model KO1 ¢, field implies
that equation (3.8 ) is a good approximation to the vor-
ticity tendency at outer radii even at 48 h. Note that a
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FIG. 3. Wavenumber 1 vorticity (s™') of (a) model K1 and (b)
model KO1 after 48 h of integration using the SU standard vortex as
input. Contour interval is 50. X 1077 s™!. The region shown is ap-
proximately one-fifth of the total integration domain area.

change in the advection of asymmetric vorticity [ omit-
ted in (3.8)] with the development of anticyclonic flow
at outer radii in model] K01 would reinforce the ¢{; ten-
dency phase difference between models K1 and KO1.
From (3.8), the difference in the vortex drift between
the models K01 and K1 becomes

ACE = 0,

ACy = (CO f AVydr. (3.9)
2 0

For a cyclonic vortex, ACy is negative (because AV,
< 0). Comparison of (3.9) and (3.3) indicates that the
drift of a cyclonic vortex in model K01 is slower and
more westward (less northward) than in model K1.
This agrees with the results in section 3a. In general,
the change in drift direction due to ACr and ACy,
measured counterclockwise from north, is from

arctan —= to arctan -——((—:iAC—E—)
CN (CN + ACN)

In section 3a, it was shown that the changes in the
vortex drift when wavenumber 2 vorticity is included
are similar to the drift changes due to the inclusion of
a time-dependent symmetric flow. Specifically, the drift

).,(3.10)
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speed of model K12 was slower than that of model K1.
By analogy with (3.8) and again assuming the primary
contribution is through the beta forcing, the wave-
number 1 vorticity tendency of model K12 can be
written as

%\ _ (3% L ..
(—E)Klz—(at )K1+( V2.V (3.11)

The {, feedback to the ¢, tendency can be estimated
by obtaining the V; field corresponding with ¢, of (3.6)
and computing (—V,+ V f),. After some manipulation,
one obtains

Ar’B

*1
(V- V) = T {3"J; ;m(#)dﬂ

1 r
- ;sfo ﬂ3ql(u)du] cos(f — ¢). (3.12)

For a cyclonic vortex (e.g., ¥y oc r~! for r < R and
Vo = 0 for r = R), the amplitude of the cos(d — ¢)
term in (3.12) is positive and ¢{; in model K12 is thus
weaker than in model K1. This conclusion also applies
to the comparison of the ¢ tendencies of model K012
and model KO1. Because the feedback to {, from {,
[see (3.11)] is qualitatively similar to that from the
change [see (3.8)], the amplitude of {, should be even
weaker in model K012 than in K01 or X1. This is found
to be the case. In particular, the magnitude of the {;
maximum at 48 h decreases from 2.62 X 10™°s™! in
model K1 to 2.51 X 1073 in model K0! (see Fig. 3)
and to 2.17 X 107° in model K012. The vortex drift
speeds are similarly ordered.

‘In contrast, the wavenumber 3 fields affect the
wavenumber 1 tendency only indirectly, by combining
with wavenumber 2 in nonlinear advection. Wave-
number 3 flow does not contribute to wavenumber |
beta forcing. The small difference between the drift
velocities of models K012 and K0123 is consistent with
the smaller degree of influence, which wavenumber 3
vorticity adds to the system as compared with wave-
numbers 0 or 2.

Based on the model comparisons of section 3a and
the reasoning of this section, model K012 is chosen as
the optimum lowest-order system.

¢. Comparison of the optimum truncated model
with nontruncated models

Results from model K012 are compared with those
from existing nontruncated numerical models for the
different initial profiles listed in Table 2. Model K012
shows consistent agreement with the numerical results.
For example, DeMaria (1985) found a quasi-steady
drift speed of ~2.5 m s~! and direction of 315~320
deg for a numerical model, while the K012 scheme
using the same initial profile developed a speed of ~2.6
m s~! and a heading of 313-319 deg. In Fig. 2, the 24-
h and 48-h positions of the numerical model vortex
simulation of Smith et al. (1990) (see Figs. 5 and 7 in
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SU) are shown for comparison with the 72-h vortex
drift tracks of model K012. Over the first 24 h the K012
track agrees very well with the numerical model result,
and the agreement with the numerical results at 48 h
is still quite good. The drift in this model is a little too
fast compared with the 48-h numerical model position
for the small vortex case, while it is a little slow for the
standard vortex case.

The 48-h position of the SU analytic solutions (in-
cluding correction) are denoted by the solid square.
The SU solution works quite well for the standard vor-
tex but is less successful at determining the track of the
small vortex. Because the performance of model K1
represents a substantial improvement over the SU re-
sult with the small vortex profile, it seems that the SU
correction scheme does not adequately simulate the
vorticity advection for that case. The final column of
Table 2 shows the difference in the 48-h track positions
between the numerical models and model K012 for
the SU profiles and for the FE basic and weak-large
vortex profiles. The differences are quite small except
for the weak-large vortex. A possible explanation for
this larger difference of the weak-large vortex is that
the numerical results of FE are affected by the relatively
small domain used (4000 km compared with the 7000
km used here).

4. Application to the bogus vortex specification

Model K012 was used to generate the asymmetric
component of the bogus vortex in the GFDL Hurricane
“Model initialization scheme. The details of the com-
plete initialization scheme and the forecast improve-
ment will be reported in separate papers. However,
aspects of the implementation influencing the resultant
asymmetric flow are worthy of discussion here.

The first issue is the determination of the integration
cutoff time. In the present scheme, the vortex drift
slowly becomes quasi-steady. This slowness justifies
prescribing an asymmetric flow in a bogus vortex. On
the other hand, it also implies that the symmetric wind
profile should be relatively constant over the integration
period—this is not necessarily true in actual cases. In
fact, the actual asymmetry depends on the vortex his-
tory. The cutoff time may be used to adjust for the
known past development of the hurricane. If the vortex
is in the development stage it is possible that the asym-
metry is weaker because the symmetric profile may
have undergone a larger change (in the preceding 24
h) than in the corresponding case of a mature hurri-
cane. To account for this, the integration period for
an immature cyclone can be shortened, thus limiting
the asymmetric development. However, this modifi-
cation of the integration period is rather ad hoc and
should be carefully tested before any conclusion is
reached as to its usefulness.

Probably the most important aspect of the applica-
tion to real hurricanes is the problem of accurately
specifying the symmetric wind profile. In actual cases,
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the symmetric wind profile must be determined from
fairly limited observations, particularly at outer storm
radii. An additional complication (specific to this ini-
tialization scheme) arises from the procedure of par-
titioning the initial condition fields into an environ-
mental component and a vortex component. Thus,
there is a degree of unavoidable uncertainty in the
symmetric profile and also in the asymmetric flow de-
rived from it. The initial symmetric vortex is defined
for each actual case over a cylindrical domain of ap-
propriate radius, r,, centered on the storm position.
Tests with actual hurricanes suggest that the radius of
the integration domain for the asymmetry generation,
however, should usually be much larger than r,. This
is due to the development of far-field vorticity from a
nonisolated vortex (i.e., a vortex with a nonzero total
relative angular momentum). Then, the uncertainties
in the symmetric profile at large radii may resuit in an
erroneous far-field vorticity development. In tests with
actual huge hurricane profiles, the development of
asymmetric vorticity at outer radii with this scheme
appears to be too strong, Shapiro and Ooyama (1990)
have shown that relatively small changes in the initial
symmetric profile at outer radii can significantly change
the total relative angular momentum and thus affect
the extent of far-field vorticity development.

One approach to limiting the far-field vorticity de-
velopment might be to modify the initial symmetric
profile such that the total relative angular momentum
is zero. However, this was avoided in order to preserve
the observational nature of the symmetric profile.
Rather, the approach used in the initialization scheme
is to incorporate damping in the vorticity equation that
affects only the asymmetric wavenumber components
at large radii. Using an implicit Newtonian damping
form, the damped vorticity is obtained as

_ (g‘n)predicted
((n)damped—(l +2At/1’) (

where ( §;)prediciea means the prediction by model K012,
At is the time step, and r is the damping time scale
where for r > r4amp,

1 _ 1 ( r— rdamp)
T(r) Tb \"p — Vdamp
Because an error in the far-field vorticity does influence
the velocity near the center, the damping must be done
throughout the time integration. In (4.2), rgamp is the
radius where damping begins and 7, is the damping
time constant valid at r,. The damping is zero at radius
raamp and increases out to the edge of the integration
domain. The effect of the damping on the vortex drift
is to generally decrease the drift speed while the drift
direction becomes more westward and less northward.

=1,2), (4.1)

(4.2)

5. Remarks

A simplified scheme has been described to generate
beta-effect asymmetries from an initially symmetric
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vortex on a beta plane. The motivation for developing
this scheme was to include asymmetric structure in a
new initialization package designed to improve the
representation of the tropical cyclone in the initial
conditions for the GFDL Hurricane Model. The sim-
plicity of this scheme, which is based on the time in-
tegration of the barotropic vorticity equation, results
from the truncation of an azimuthal wavenumber ex-
pansion of the vorticity field. A particular goal of this
study was to determine the lowest-order system that
can adequately simulate the vortex drift. The basis for
comparison of simulated vortex drift was the published
results of numerical barotropic model studies exam-
ining asymmetric structure. Tests of the influence that
other wavenumbers (specifically 0, 2, and 3) have on
the structure of the wavenumber 1 vorticity controlling
the vortex drift indicate that it is acceptable to truncate
the wavenumber expansion at wavenumber 2. There
is little difference in vortex drift track between the
model truncated at wavenumber 3 and that truncated
at wavenumber 2. The results presented here clearly
indicate the importance of including a feedback mod-
ification of the symmetric vorticity in order to accu-
rately simulate the time evolution of the dipolar vor-
ticity field. Specifically, in the models using an invariant
symmetric flow, a systematically too northward drift
direction as well as excessively large drift speeds de-
veloped. The wavenumber 2 forcing of the wavenum-
ber 1 vorticity tendency influences the vortex drift in
much the same manner as the symmetric flow feed-
back; namely, it reduces the drift speed and produces
a more westward angle. Because the wavenumber 2
component is initially zero, the symmetric flow feed-
back effect will be larger during earlier periods. How-
ever, the improvement in vortex drift simulation at
extended periods produced by including wavenumber
2 shows the importance of this component. The dif-
ferences between the five models with different degrees
of simplification increase when larger initial vortices
are used. Vortex drift tracks computed with the opti-
mum scheme compare very well with existing, more
complete numerical model simulations.

The generation of asymmetric flow for a bogus vortex
specification in hurricane models involves several issues
not present in the idealized cases examined here. In
particular, the importance of an accurate specification
of the initial symmetric flow profile and the determi-
nation of the integration cutoff time are two aspects of
this scheme that need to be considered. In addition,
damping of the asymmetric vorticity at large radii was
used to control the development of far-field vorticity
lying beyond the region of bogus vortex specification.
There are indications that the far-field vorticity that
develops in this model (without damping) is too strong
when a very large initial vortex is used. This may be
related to inaccuracies in the symmetric profile. The
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sensitivity to the damping parameters should be ex-
amined more carefully. Finally, for observed vortices
embedded in an environmental flow, additional factors
influence the vortex propagation. For instance, besides
the beta effect, vorticity gradients of the environmental
field were shown by DeMaria (1985) to affect the vortex
propagation. Environmental vorticity gradients are
more difficult to incorporate in a simplified scheme
because of spatial and temporal variations. Smith
{1991) recently showed the effects of horizontal shear
on vortex propagation and structure change. Factors
such as the vertical wind shear may also influence the
vortex drift. The significance of environmental flow
features (in the initial data) for the bogus vortex drift
should be more thoroughly investigated.
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